The presented method constitutes a useful tool for fundamental studies of peptidemembrane interaction and can also be applied to optimize the design of lipodisks for, e.g., sustained release of antimicrobial peptides in therapeutic applications.
Introduction
Several reports in the literature have shown a wide range of applications of immobilized lipid structures, especially supported or tethered bilayer lipid membranes (sBLMs or tBLMs respectively) and adsorbed lipid monolayers. These systems can be used, e.g., as tools for the study of the properties of lipid membranes and how they are affected by the surrounding conditions (e.g., electric potential 1, 2 , composition of the bulk solution 3 etc.). They are also of great interest as systems to study membrane-analyte interactions, including the study of peptide-and protein-membrane interactions 4, 5 . Furthermore, they can be used as supports for biologically relevant molecules, including membrane-bound receptors 6 , in a biomimetic environment 7 or as supporting media for hydrophobic electroactive molecules [8] [9] [10] [11] [12] [13] [14] leading to the development of sensors. However, two major drawbacks can be readily identified in these systems. First, the total surface of available lipid membrane is given, and therefore limited, by the surface area of the substrate. Secondly, the presence of the support represents a difficulty when studying transmembrane proteins and it may also affect the intrinsic properties of the membrane 15 . Porous substrates and tBLMs (either to increase the surface area or to generate pore-spanning lipid bilayers) offer partial solutions to these problems, but they do not provide simultaneously with an increased available lipid surface area and with a membrane retaining its native properties. Recently, nanodiscs (nanoscale planar lipid bilayers stabilized by an amphiphatic protein belt) have been successfully immobilized on a wide range of sensor substrates [16] [17] [18] [19] , allowing for the study of membrane-analyte and membrane receptor-ligand interactions. However, the size of the nanodiscs is limited by the protein belt used and is usually in the range of 10-13 nm 20 , implying that only a few hundred lipid molecules are found in each nanodisc. Related structures that can provide with much larger membrane surfaces are lipodisks, i.e., planar lipid bilayer structures whose rim is stabilized by polyethyleneglycol (PEG) modified lipids. In this report, the use of immobilized lipodisks is proposed as a protein free alternative to nanodiscs capable of providing with a large lipid surface area while retaining the native properties of the lipid membrane. These disks are spontaneously formed when the appropriate proportions of lipids and PEG-ylated lipids are mixed together and suspended in water [21] [22] [23] . As both faces of the lipid bilayer are exposed to the surrounding media, lipodisks are ideal systems for interaction studies. Recent research has also shown that they are potentially useful as drug carriers 24 . Following adequate protocols, lipodisks can be immobilized on a variety of substrates, including quartz crystal microbalance (QCM) 5 and surface plasmon resonance (SPR) 25 sensors , as well as on chromatographic media 5, 26, 27 . This allows performing studies of, e.g., protein-membrane interactions 5, 25 and drug partition 26 .
In this report, a reproducible and robust protocol for the covalent binding of lipodisks to sensors for QCM with dissipation monitoring (QCM-D) experiments is presented. The obtained immmobilized lipodisks are employed to study and characterize their interaction with alpha-helical peptides. These peptides are of great interest in pharmaceutical applications, as some of them have antimicrobial activity. It has been shown that incorporation of these peptides into lipodisks is an excellent way of achieving a sustained release of the compound as well as to protect the peptide from enzymatic degradation 24 . The method described in this report is able to quantify the amount of peptide that can be carried by a lipodisk, as well as the physicochemical parameters describing the peptide-lipodisk association.
Experimental section

Chemicals
Dry powder of 1,2-di-palmitoyl-sn-glycero-3-phosphocoline (DPPC), 1-palmitoyl-2-oleoyl- were products from BioNordika (Stockholm, Sweden). All aqueous solutions were prepared using deionized water (18.4 MΩ cm) obtained from a Milli-Q system (Millipore, Bedford, USA). QCM-D gold sensors were obtained from Q-Sense (Gothenburg, Sweden).
Lipodisk preparation
Extruded lipodisks consisting of a 75:21:4 mol/mol mixture of DPPC: DSPE-PEG 2000 :
DSPE-PEG 2000 amine were prepared as follows. The lipids were weighted in a test tube in the desired proportions and dissolved in chloroform. The solvent was then removed under a flow of nitrogen until a film was formed on the tube walls. To ensure complete removal of the solvent, the sample was left overnight in a vacuum. The films thus prepared were either used immediately or stored at -20 ˚C in a nitrogen atmosphere. To prepare the lipodisks, the films were hydrated with phosphate buffer saline (PBS, 10 mM phosphate, 150 mM NaCl, pH = 7.4) at 55 ˚C for 30 min with intermitent vortexing. The sample was then subjected to 8 freeze-thaw cycles (freezing in liquid nitrogen and thawing at 55 ˚C) and, finally, extruded 15 times through a polycarbonate filter with a pore size of 100 nm (Avestin, Ottawa, Canada) using a Mini-Extruder (Avanti Polar Lipids, Alabaster, AL).
Fluorescence measurements
Peptide binding to the disks was determined using fluorimetric determinations for melittin and mastoparan X, both of which have a fluorescent tryptophan residue. The emission spectrum of this aminoacid is dependent on the polarity of its surroundings. The spectrum of a free tryptophan-containing peptide in water is red shifted compared to when it is associated to the lipid membrane. This shift can be used to determine the proportions of bound and free peptide, thus providing the data to construct an association isotherm that describes the peptide-lipodisk affinity 28 . 
QCM-D measurements
The immobilization of lipodisks and their interaction with alpha-helical peptides were followed using a Quartz Crystal Microbalance with Dissipation monitoring (QCM-D 
where m d is the adsorbed mass surface density, n is the overtone number, f 0 is the fundamental oscillation frequency, t q and ρ q are, respectively, the thickness and density of the quartz crystal, h 1 is the thickness of the adsorbed layer, η w and ρ w are the viscosity and density of the bulk solvent (buffer), and η 1 and µ 1 are the viscosity and elastic modulus of the adsorbed layer. Hereby, we combine equations 2a and 2b into equation 3:
which shows that, if the thin film asumption holds, a plot of Δf n -1 vs. nΔD at different values of n should be a line with a y-intercept equal to -(m d f 0 ) (t q ρ q ) -1 . This value corresponds to the frequency shift expected from a rigid film with the same mass surface density, as described by the Sauerbrey equation 30 . Notice that the determination of the mass surface density according to the linearization proposed in equation 3 does not require any previous knowledge concerning the film density, shear moduli or viscosity. It is, however, necessary to assume that the thickness of the film is small enough for the limit to be applied. also for the reuse of the sensor surface. All experiments described were therefore performed on lipodisks immobilized by this latter method.
Interaction of alpha-helical amphiphilic peptides with immobilized lipodisks
Association isotherms of melittin, mastoparan, and mastoparan X with the lipodisks were determined according to the following protocol. After disk immobilization, the remaining active surface was inactivated by a 10 min flow of 1 M ethanolamine hydrochloride at pH = 8.5. After the inactivation period, the system was equilibrated with the working buffer (PBS).
In order to determine the peptide-disk binding isotherms, solutions with increasing concentrations of the corresponding peptide were sequentially loaded into the system. In order to account for the "bulk effect", i.e., the shifts arising from changes in density and viscosity of the bulk solution, frequency and dissipation displacements caused only by bulk effects were recorded on an inactive sensor. This allowed substracting the changes caused by the bulk effect from the peptide binding signals, in agreement with previous reports 31 .
Complementarily, the system was rinsed with the working buffer after equilibration with each peptide concentration. This opens the possibility of studying the peptide release process.
Furthermore, if the analyte is irreversible bound, this treatment allows quantitative determinations without the need of independently determining the bulk effect. However, in the present case, it is likely that such treatment would cause the release of the peptides and therefore the bulk effect substraction was the preferred approach for quantitative determinations. Knowing the amount of bound lipid and associated peptide, isotherms to describe the interaction were generated. The R eff values at different peptide concentrations were calculated from the obtained data.
Results and discussion
Covalent coupling of disks to QCM-D sensor surfaces
Extruded lipodisks could be successfully immobilized on the modified gold sensors via amine coupling by using the protocol described above. necessary to remark that several assumptions need to be made. First, the size distribution obtained by DLS needs to be corrected to obtain the radius of the disks (R Disk ) according to Mazer et al. 33 :
where R H is the hydrodynamic radius determined by DLS (shown in Figure S- be easily understood, as the coupling reaction with the sensor should be occurring at random points on the surface, not allowing for optimal conformation of the disks to achieve full coverage. The relatively loose packing of the immobilized disks makes it plausible to assume that the whole area of the lipodisks is available for interactions with analytes in the bulk solution. case, the density of the formed layer was assumed to be the same as for water: 1000 kg m -3 .
The QTools fitting had the great disadvantage that, for the same set of data, it would report different values when the parameter fitting range was modified. The lowest chi-square value was usually obtained together with an estimated immobilized mass which was clearly overestimated (up to 10000 ng cm -2 , corresponding to a layer thickness of 100 nm, more than 4 times the 24 nm hydrodynamic diameter determined by DLS and exceeding the mass expected from tight packing of the immobilized lipodisks). Limiting the fitting parameters, more reliable mass densities were obtained, even though the chi-square value increased significantly. The surface mass densities determined in this way were slightly larger (~15% difference) than those obtained using equation 3. These differences arise most likely from how the data is weighted in the different approaches.
In order to independently test the accuracy of the QCM-D determination of the amount of immobilized lipid, lipodisks labeled with 2 mol-% of DPH were prepared and immobilized on the sensors. DPH was incorporated into the disks by heating the disks suspension to 60 °C and adding the desired DPH amount from a stock solution in methanol. The system was then let to equilibrate for 1 h and the disks were immobilized according to the same protocol as for nonlabeled disks. After immobilization of the lipodisks, the sensor was carefully dismounted while keeping it wet, and placed in a clean vial. 600 µL of a 0. 
Characterization of the peptide-lipodisk interaction
The association of alpha-helical amphiphilic peptides with immobilized extruded lipodisks was characterized as described in the methods section. The sequential increments in the loaded peptide concentration lead to a stepwise drop of the recorded oscillation frequency as is exemplified in Figure 2 for the case of mastoparan X. The dissipation factor, on the other hand, changes only marginally, suggesting that the increase in mass due to the association of the peptides is not coupled with any significant structural changes in the immobilized disks.
The rinsing steps caused release of the bound mastoparan X, indicating that the association is reversible. The release of the peptide is rather slow, as the recorded traces do not return to zero during the time-frame of the experiment. To obtain an accurate approximation of the amount of peptide bound before the rinsing step, frequency and dissipation displacements caused only by bulk effects were substracted from the curve, thus estimating the contribution of peptide binding to the overall signal. Noteworthy, the experiments performed to determine the contribution of bulk effects also showed that no significant binding of the peptide to the inactive sensor surface occurs. For example, after loading a 10 µM mastoparan X solution on an inactivated sensor for 8 min, followed by 10 min rinsing, the change in frequency was merely 0.01 Hz, which is within the noise level of the signal. In order to extract quantitative meaningful data from the plots shown in Figures 3 and 4 , the association isotherms were analyzed using an association model based on the one proposed for peptide-lipid interactions by Pérez-Paya et al. 40 . This model is given by
where is an activity coefficient to account for deviations from the ideal partition behavior. Wessman et al. 41 defined this coefficient as = exp(w×R eff ), where w accounts for electrostatic interactions and for changes in the mechanical properties of the substrate due to peptide binding. In order to get further insight into the possible binding mechanisms, a
Scatchard plot (R eff /[P] as a function of R eff ) was generated. As shown in Figure 5 , the obtained curve is not linear, and it is therefore very unlikely that the peptide-lipodisk association follows an ideal Langmuir behavior. The non-linearity of the scatchard plot in Experimental data correspond to what is shown in Figure 3 . 
Conclusions
The results reported in this study illustrate the analytical potential of immobilized lipodisks.
In addition to previously reported interaction parameters of proteins and lipodisks 5, 27 , the characterization of the affinity between lipodisks and low molecular weight peptides opens the possibility of studying the membrane interaction of smaller molecules. It represents also a big step towards the characterization of the binding of anti-microbial peptides of therapeutical relevance to potential delivery vehicles such as the lipodisks. The fact that both thermodynamic and kinetic parameters can be available may allow for an optimal design of the lipodisks before they are tested as drug carriers under specific conditions. As nonfluorescent peptides can be studied, the range of application is much wider than that of 
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